AFRL-AFOSR-UK-TR-201 6-0009 


Equilibrium  and  non-equilibrium  condensation  phenomena  in  tuneable  3D  and  2D  Bose  gases 


Zoran  Hadzibabic 

THE  CHANCELLOR,  MASTER  AND  SCHOLARS  OF  THE  UNIVERISTY  OF  CAMBRIDGE 


04/01/2016 
Final  Report 


DISTRIBUTION  A:  Distribution  approved  for  pubiic  reiease. 


Air  Force  Research  Laboratory 
AF  Office  Of  Scienfific  Research  (AFOSR)/  iOE 
Ariingfon,  Virginia  22203 
Air  Force  Maferiei  Command 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
0MB  No.  0704-0188 


The  public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data 
sources,  gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other 
aspect  of  this  collection  of  information,  including  suggestions  for  reducing  the  burden,  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information 
Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other 
provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently  valid  0MB  control  number. 

PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 

1.  REPORT  DATE  ('DD-MM-V'V'V'y)  I  2.  REPORT  TYPE  I  3.  DATES  COVERED  (From  -  To) 


1.  REPORT  DATE  ('DD-MM-V'V'V'yj  2.  REPORT  TYPE 

08/31/2015  Final 

4.  TITLE  AND  SUBTITLE 

Equilibrium  and  non-equilibrium  condensation  phenomena  in  tuneable  3D 
and  2D  Bose  gases 


6.  AUTHOR(S) 

Hadzibabic,  Zoran 


3.  DATES  COVERED  (From  -  To) 

01 -Sep-201 2  to  31 -Aug-201 5 

5a.  CONTRACT  NUMBER 

FA8655-12-1-2131 

5b.  GRANT  NUMBER 

Grant  122131 

5c.  PROGRAM  ELEMENT  NUMBER 

61102F 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

THE  CHANCELLOR,  MASTER  AND  SCHOLARS  OF  THE  UNIVERISTY  OF 
CAMBRIDGE,  THE  OLD  SCHOOLS,  CAMBRIDGE,  ,  CB2  1TN,  GB 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

EOARD 

Unit  4515 

APO  AE  09421-4515 


10.  SPONSOR/MONITOR'S  ACRONYM(S) 

AFRL/AFOSR/lOE  (EOARD) 

1 1 .  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 


12.  DISTRIBUTION/ AVAILABILITY  STATEMENT 

Distribution  A:  Approved  for  public  release;  distribution  is  unlimited. 


13.  SUPPLEMENTARY  NOTES 


14.  ABSTRACT 

We  have  investigated  a  range  of  equilibrium  and  non-equilibrium  many-body  phenomena,  trapping  ultracold  atomic  gases  in 
different  geometries  including  both  3  and  2  spatial  dimensions,  and  with  both  the  conventional  harmonic  trap  and  a  newly- 
developed  "box  trap".  With  the  3d  harmonic  trap,  we  observed  a  new  "superheated  Bose-condensed  gas"  which  remains 
condensed  above  the  expected  critical  temperature,  and  performed  one  of  the  first  studies  of  the  strongly-interacting 
"unitary"  Bose  gas.  With  the  2d  harmonic  trap  we  showed  how  the  interaction-driven  BKT  phase  is  connected  with  purely 
statistical  theory,  and  with  the  3d  box  trap  we  created  the  world's  first  atomic  BEC  in  a  quasi-uniform  potential. 

15.  SUBJECT  TERMS 

EOARD,  Bose  gas,  ultracold,  condensation,  equilibrium,  atom  trap,  Bose-Einstein  condensate 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 

18.  NUMBER 

19a.  NAME  OF  RESPONSIBLE  PERSON 

a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

ABSTRACT 

OF 

PAGES 

PUTZ,  VICTOR 

19b.  TELEPHONE  NUMBER  (Include  area  code) 

Unclas 

Unclas 

Unclas 

SAR 

3 

235-6013 

DISTRIBUTION  A:  Distribution  approved  for  public  release. 


Standard  Form  298  (Rev.  8/98) 
Prescribed  by  ANSI  Std.  Z39.18 


INSTRUCTIONS  FOR  COMPLETING  SF  298 


1.  REPORT  DATE.  Full  publication  date,  including 
day,  month,  if  available.  Must  cite  at  least  the  year 
and  be  Year  2000  compliant,  e.g.  30-06-1998; 
xx-06-1998;  xx-xx-1998. 

2.  REPORT  TYPE.  State  the  type  of  report,  such  as 
final,  technical,  interim,  memorandum,  master's 
thesis,  progress,  quarterly,  research,  special,  group 
study,  etc. 

3.  DATE  COVERED.  Indicate  the  time  during 
which  the  work  was  performed  and  the  report  was 
written,  e.g.,  Jun  1997  -  Jun  1998;  1-10  Jun  1996; 
May  -  Nov  1998;  Nov  1998. 

4.  TITLE.  Enter  title  and  subtitle  with  volume 
number  and  part  number,  if  applicable.  On  classified 
documents,  enter  the  title  classification  in 
parentheses. 

5a.  CONTRACT  NUMBER.  Enter  all  contract 
numbers  as  they  appear  in  the  report,  e.g. 
F33315-86-C-5169. 

5b.  GRANT  NUMBER.  Enter  all  grant  numbers  as 
they  appear  in  the  report,  e.g.  AFOSR-82-1234. 

5c.  PROGRAM  ELEMENT  NUMBER.  Enter  all 
program  element  numbers  as  they  appear  in  the 
report,  e.g.  61 101  A. 

5e.  TASK  NUMBER.  Enter  all  task  numbers  as  they 
appear  in  the  report,  e.g.  05;  RF0330201 ;  T41 12. 

5f.  WORK  UNIT  NUMBER.  Enter  all  work  unit 
numbers  as  they  appear  in  the  report,  e.g.  001 ; 
AFAPL30480105. 

6.  AUTHOR(S).  Enter  name(s)  of  person(s) 
responsible  for  writing  the  report,  performing  the 
research,  or  credited  with  the  content  of  the  report. 
The  form  of  entry  is  the  last  name,  first  name,  middle 
initial,  and  additional  qualifiers  separated  by  commas, 
e.g.  Smith,  Richard,  J,  Jr. 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND 
ADDRESS(ES).  Self-explanatory. 


8.  PERFORMING  ORGANIZATION  REPORT  NUMBER. 

Enter  all  unique  alphanumeric  report  numbers  assigned 
by  the  performing  organization,  e.g.  BRL-1234; 
AFWL-TR-85-4017-Vol-21-PT-2. 

9.  SPONSORING/MONITORING  AGENCY  NAME(S) 
AND  ADDRESS(ES).  Enter  the  name  and  address  of 
the  organization(s)  financially  responsible  for  and 
monitoring  the  work. 

10.  SPONSOR/MONITOR'S  ACRONYM(S).  Enter,  if 
available,  e.g.  BRL,  ARDEC,  NADC. 

1 1 .  SPONSOR/MONITOR'S  REPORT  NUMBER(S). 

Enter  report  number  as  assigned  by  the  sponsoring/ 
monitoring  agency,  if  available,  e.g.  BRL-TR-829;  -215. 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT. 

Use  agency-mandated  availability  statements  to  indicate 
the  public  availability  or  distribution  limitations  of  the 
report.  If  additional  limitations/  restrictions  or  special 
markings  are  indicated,  follow  agency  authorization 
procedures,  e.g.  RD/FRD,  PROPIN, 

ITAR,  etc.  Include  copyright  information. 

13.  SUPPLEMENTARY  NOTES.  Enter  information 

not  included  elsewhere  such  as:  prepared  in  cooperation 
with;  translation  of;  report  supersedes;  old  edition 
number,  etc. 

14.  ABSTRACT.  A  brief  (approximately  200  words) 
factual  summary  of  the  most  significant  information. 

15.  SUBJECT  TERMS.  Key  words  or  phrases 
identifying  major  concepts  in  the  report. 

16.  SECURITY  CLASSIFICATION.  Enter  security 
classification  in  accordance  with  security  classification 
regulations,  e.g.  U,  C,  S,  etc.  If  this  form  contains 
classified  information,  stamp  classification  level  on  the 
top  and  bottom  of  this  page. 

17.  LIMITATION  OF  ABSTRACT.  This  block  must  be 
completed  to  assign  a  distribution  limitation  to  the 
abstract.  Enter  UU  (Unclassified  Unlimited)  or  SAR 
(Same  as  Report).  An  entry  in  this  block  is  necessary  if 
the  abstract  is  to  be  limited. 


standard  Form  298  Back  (Rev.  8/98) 


DISTRIBUTION  A:  Distribution  approved  for  public  release. 


Final  report  for  Grant  FA8655-12-1-2131 

“Equilibrium  and  non-equilibrium  condensation  phenomena  in  tuneable  3D  and  2D 

Bose  gases” 

PI;  Zoran  Hadzibabic,  University  of  Cambridge 

Grant  period:  September  1,  2012  -  August  31,  2015 

Supported  by  this  grant  we  have  investigated  a  range  of  equilibrium  and  non-equilibrium 
many-body  phenomena  with  ultraeold  atomie  gases  trapped  in  different  geometries,  ineluding 
both  3  and  2  spatial  dimensions,  and  both  the  “conventional”  ultracold-atom  setting  of  a 
harmonic  trap  and  a  newly  developed  “box  trap”. 

The  grant  has  been  extremely  successful  and  has  so  far  resulted  in  8  papers,  including  1 
Science,  1  Nature  Physics,  4  Physical  Review  Letters  (PRLs),  and  1  Physical  Review  A.  One 
more  project  has  been  completed  in  the  last  months  of  the  grant  and  the  paper  is  currently 
being  drafted.  Our  work  has  also  attracted  various  press  coverage,  such  as  editorial  and  news 
articles  in  Science,  Nature,  Physics,  and  Physics  Today.  It  has  also  led  to  invited  talks  at  all 
the  main  conferences  in  the  field  of  ultracold  atoms  and  more  generally  in  the  fields  of  atomic 
and  condensed  matter  physics,  including  the  International  Conference  on  Atomic  Physics 
(ICAP),  the  biennial  BEC  Conference  (“Frontiers  in  Quantum  Gases”)  in  Sant  Feliu,  DAMOP 
and  the  APS  March  Meeting. 

Our  results  can  be  divided  into  three  categories,  according  to  the  geometry  in  which  the 
ultracold  atoms  were  trapped: 

(I)  “Conventional”  3D  harmonic  trap 

In  this  setting  we  have  performed  two  non-equilibrium  experiments,  exploiting  the  fact  that  in 
a  gas  of  atoms  we  can  dynamically  tune  the  strength  of  inter-particle  interactions: 

First,  we  have  observed  and  quantitatively  explained  a  new  non-equilibrium  state  of  matter  - 
a  “superheated  Bose-condensed  gas”  which  remains  condensed  far  above  the  equilibrium 
critical  temperature  when  the  interaction  strength  in  the  gas  is  tuned  to  very  low  values  [1]. 
We  have  experimentally  reconstructed  and  theoretically  explained  the  non-equilibrium  phase 
diagram  of  this  system.  Beyond  purely  scientific  interest,  this  work  points  to  a  possible  way  to 
extend  the  coherence  time  of  atomic  BECs  by  up  to  a  minute,  which  could  have  practical 
implications  for  precision  measurements  and  quantum  information  processing. 

Second,  we  performed  one  of  the  first  studies  (alongside  Christophe  Salomon’s  group  at  ENS 
Paris  and  Eric  Cornell  &  Debbie  Jin’s  group  at  JILA)  of  the  “unitary”  Bose  gas  [2],  in  which 
the  interactions  are  as  strong  as  theoretically  allowed  by  quantum  mechanics,  i.e.  the  5-wave 
scattering  length  is  tuned  to  infinity  using  a  Eeshbach  resonance.  The  unitary  Eermi  gas  has 
been  one  of  the  most  actively  researched  ultracold-atom  systems  in  the  past  decade,  in 
particular  due  to  its  connections  to  the  BEC-BCS  crossover  and  (possibly)  high-temperature 
superconductivity.  In  comparison,  the  unitary  Bose  gas  is  essentially  unexplored,  but 
promises  to  be  as  interesting.  The  main  reason  for  this  delay  in  the  studies  of  the  unitary  Bose 
gas  is  that  this  state  is  very  short-lived,  due  to  enhanced  inelastic  three-body  processes  that 
lead  to  both  particle  loss  and  heating,  and  it  is  actually  still  not  fully  understood  whether  even 
in  principle  it  has  well  defined  equilibrium  properties.  In  our  work,  we  studied  the  stability  of 
a  thermal  Bose  gas  across  a  broad  Eeshbach  resonance,  and  directly  measured  for  the  first 
time  the  general  scaling  laws  relating  the  particle-loss  and  heating  rates  to  the  temperature. 
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scattering  length,  and  atom  number.  Moreover,  we  identified  as  a  promising  eandidate  for 
future  studies  of  the  equilibrium  Bose  gas  at  unitarity. 

(II)  2D  harmonic  trap 

We  have  realised  a  2D  harmonieally  trapped  gas  with  tuneable  interaetions,  and  have 
performed  measurements  of  the  eritieal  point  for  a  transition  to  superfluidity  as  a  funetion  of 
the  eoupling  strength.  As  originally  predicted  in  the  grant  proposal,  our  measurements  have 
explieitly  shown  how  the  interaetion-driven  Berezinskii-Kosterlitz-Thouless  (BKT)  phase 
transition  is  smoothly  eonneeted  and  unified  with  the  purely  statistieal  BEC  transition  in  the 
limit  of  vanishing  interactions  [3]. 

(III)  3D  Box  trap 

We  have  ereated  the  world’s  first  atomic  Bose-Einstein  condensate  in  a  (quasi-)uniform 
potential,  by  trapping  atoms  in  an  “optieal  box”  trap  [4].  This  solved  a  long-standing  problem 
in  the  field  of  ultracold  atoms,  and  opened  numerous  new  possibilities  for  studying  many- 
body  physios  in  a  “textbook”  setting,  without  the  additional  oomplioations  of  the  gas 
inhomogeneity  due  to  a  harmonio  trapping  potential.  Speoifioally,  it  eliminated  the  need  to 
rely  on  the  looal  density  approximation,  whioh  is  particularly  important  for  studies  of  eritieal 
behaviour  near  a  phase  transition,  where  the  oorrelation  length  in  the  system  diverges.  Several 
other  leading  groups  (inoluding  Jean  Dalibard’s  group  in  Paris,  Cheng  Chin’s  group  in 
Chicago,  and  Martin  Zwierlein’s  group  at  MIT)  have  sinoe  started  working  on  similar 
uniform  systems.  In  our  group  we  have  already  performed  four  further  experiments  using  this 
novel  trap: 

In  [5]  we  studied  the  thermodynamies  of  a  partially  Bose-eondensed  gas  and  experimentally 
observed  for  the  first  time  the  quantum  version  of  the  famous  Joule-Thomson  eooling  effeet 
(the  classieal  version  of  whioh  is  widely  exploited  in  industrial  refrigeration),  whioh  was 
theoretioally  predioted  75  years  earlier. 

In  [6]  we  have  performed  a  oomprehensive  study  of  the  ground  state  properties  of  the  BEC  in 
a  uniform  potential,  inoluding  measurements  of  the  interaotion  energy,  ooherenoe  properties, 
and  the  dynamios  of  free  expansion  of  the  BEC  released  from  the  box  trap.  In  partioular  we 
have  explieitly  demonstrated  the  Heisenberg-limited  momentum  spread  of  a  fully  ooherent 
BEC  for  a  range  of  different  box  sizes. 

So  far  the  most  important  paper  based  on  our  box  potential  is  on  the  non-equilibrium 
dynamios  of  Bose-Einstein  oondensation  in  a  temperature-quenohed  homogeneous  gas  [7]. 
This  experiment  provided  the  most  direot  oonfirmation  (in  any  physioal  system)  of  the 
Kibble -Zurek  theory  of  the  dynamics  of  spontaneous  symmetry  breaking,  whioh  is  relevant 
for  a  wide  variety  of  physical  systems  and  has  implioations  as  far  reaohing  as  understanding 
the  formation  of  large  struotures  in  the  early  universe. 

Einally,  we  have  reoently  oompleted  measurements  on  the  emergenoe  of  quantum  turbulenoe 
in  a  periodioally  driven  deeply  degenerate  Bose  gas.  This  is  another  major  topio  that  oould  not 
be  properly  addressed  using  the  standard  harmonio  trap  for  ultracold  atoms.  Both  classical 
and  quantum  turbulence  have  been  studied  in  a  wide  variety  of  physioal  systems  (from 
olassioal  gases  and  water  to  superfiuid  helium)  for  many  years.  However,  a  system  in  whioh 
experiments  oould  be  direotly  and  reliably  oompared  with  theoretioal  oaloulations  has  been 
laoking.  We  have  now  demonstrated  suoh  a  system,  observing  good  agreement  between  our 
measurements  and  numerioal  simulations.  The  paper  on  this  work  is  ourrently  being  drafted 
and  should  be  published  in  2016. 
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